Integrity Assessment of Similar and Dissimilar Fusion Welded Joints of Cr-Mo-W Ferritic Steels under Creep Condition  by Laha, K.
 Procedia Engineering  86 ( 2014 )  195 – 202 
Available online at www.sciencedirect.com
1877-7058 © 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Peer-review under responsibility of the Indira Gandhi Centre for Atomic Research
doi: 10.1016/j.proeng.2014.11.028 
ScienceDirect
1st International Conference on Structural Integrity, ICONS-2014 
Integrity Assessment of Similar and Dissimilar Fusion Welded 
Joints of Cr-Mo-W ferritic Steels under Creep Condition      
K. Laha 
Creep Studies Section, Mechanical Metallurgy Division 
Indira Gandhi Centre for Atomic Research, Kalpakkam-603 102, India 
E-mail ID: laha@igcar.gov.in 
Abstract 
Integrity of similar and dissimilar fusion welded joints of grade 22, grade 9, grade 91 and grade 92 steels under creep conditions 
has been assessed. Similar joint of the steels possesses lower creep rupture strength than the corresponding base steel. Premature 
failure of the joint occurs at outer edge of heat affected zone (HAZ), called as type IV cracking. Extent of type IV cracking 
depends on the steel, adopted welding technique and thickness of the joint. Ferritic/ferritic dissimilar weld joint suffers from the 
type III cracking in coarse grain HAZ in low-Cr steel. Creep cavitation occurs in the soft zone formed in the coarse grain HAZ of 
low-Cr steel due to the migration of carbon from low-Cr to high-Cr steels. Ferritic/austenitic dissimilar weld joint of the steels 
welded employing Inconel welding consumable exhibits extensive creep strength reduction. Failure occurs at ferritic/austenitic 
weld interface and is associated with nucleation of creep cavity at interface precipitate particles. Cracking behaviour of the 
similar and dissimilar joints of the steels and their relative severity have been assessed considering the FE analysis of stress 
distribution across the joints and microstructural investigation. 
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1. Introduction 
 Ferritic steels are extensively used in power generation plants and petrochemical industries. Adequate creep 
and oxidation / corrosion resistances, favorable thermal expansion coefficient and thermal conductivity coupled with 
virtual immunity to stress corrosion cracking and economic considerations are some of the aspects for their choice. 
Different ferritic steels have been developed to increases their creep and oxidation / corrosion resistances enable 
them to use at higher temperatures and pressures. Widely used ferritic steels are grade 22, grade 9, grade 91 and 
grade 92 in an order of increase in creep rupture strength. These steels are generally used in normalized and 
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tempered condition and have tempered bainitic and martensitic structure. These steels derives their creep rupture 
strength from solid solution strengthening from molybdenum and tungsten, phase transformation induced 
substructures and dislocation and intra- and intergranular metal carbo-nitride precipitates [1]. Joining by fusion 
welding techniques is commonly used to fabricate high temperature plants out of the ferritic steels. Apart from the 
presence of cast weld metal/ fusion zone, sometimes even with different chemical composition, the weld thermal 
cycle induces heat affected zones (HAZ) in the base metal having appreciably different mechanical strength than the 
base metal. From functional and or of economic point of view, different grade of ferritic steels or even austenitic 
steels are used in the different components of the plants. Their integration introduces similar, and ferritic/ferritic and 
ferritic/austenitic dissimilar joints in pressure circuits of the plants. Weld joints under service conditions of high 
temperature and stress are weak links of the components [2,3]. The paper describes the integrity of similar, and 
ferritic/ferritic and ferritic/austenitic dissimilar weld joints of grade 22, grade 9, grade 91 and grade 92 steels under 
creep conditions.  
2. Materials and Experimental 
 Chemical compositions of the steels are shown in Table 1. The ferritic steels were in normalized and 
tempered conditions.  The similar weld joints of the steels except grade 92 were fabricated by shielded metal arc 
welding process employing matching welding electrodes. The grade 92 similar weld joint prepared by activated TIG 
welding process [4]. The grade 22 / grade 9 dissimilar weld joint was fabricated employing grade 9 welding 
electrode. The ferritic/austenitic dissimilar weld joints of grade 22, grade 9 and grade 91 were fabricated employing 
Inconel 182 welding electrode. The grade 22, grade 9, grade 91 and grade 92 similar weld joints and grade 22/ grade 
9 dissimilar were subject to post weld heat treatment at 973/1 h, 1023/1h, 1033/1h K, 1033 K/4 h and 973 K/1h 
respectively. The dissimilar weld joints of grade 22, grade 9 and grade 91 were post-weld heat-treatment at 973 
K/1h, 1023K /1h and 1033 K/1h respectively. Soundness of the joints was assessed by X-ray radiography. Creep 
tests on the joints and their ferritic base metals were carried over at temperatures in the range 823 – 923 K over a 
stress range of 40 – 280 MPa. Optical, SEM and TEM metallographic studies were carried out to assess the 
microstructure and creep damage of the joints. FE analysis was carried out to understand the stress distribution 
across the joints. 
Table 1. Chemical composition (wt. %) of the steels 
3.  Results and Discussions 
3.1 Microstructure and Hardness 
 Microstructure across the joint is found to vary appreciable across it and depends on types of steel and type 
of joint. The microstructural variation is reflected on the hardness variation across the joints. Figure 1 compares the 
variation of hardness across the similar weld joints of grade 22, grade 9, grade 91 and grade 92 weld joints. 
Hardness varies appreciably across the weld joints and extend of variation depends on the steel. All the steel weld 
joints possess lower hardness in the outer edge of HAZ. Detailed metallographic investigation reveals that 
intercritical heating of the steels during weld thermal cycle and subsequent post weld heat treatment results in 
coarsening the microstructural features like bainitic / martensitic laths, phase transformation induced dislocation 
substructure and inter-granular precipitates (Fig.2). Coarsening of chromium rich M23C6 carbide was observed in the 
steels leading to microstructural instability on intercritical heating during welding thermal cycle and hence reduced 
the hardness [2]. In grade 22 steel dissolution of Mo2C, on which the steel greatly owes for its mechanical strength, 
with the precipitation of high order less effective coarser precipitates on intercritical heating decreases the hardness 
Materials/ 
elements 
C Si Mn P S Cr Mo W Ni Al Co Nb V N Ti B Fe 
Grade 22 0.06 0.18 0.45 0.008 0.008 2.18 0.93 - - - - - - - - - bal 
Grade 9  0.1 0.49 0.46 0.008 0.002 8.38 0.93 - - - - -   - - bal 
Grade 91 0.096 0.32 0.46 0.01 0.008 8.72 0.90 - 0.10 - - 0.08 0.22 0.05  -  
Grade 92 0.1 0.27 0.36 0.01 0.002 9.2 0.5 1.9 0.06 - - 0.0.07 0.22 0.05 - 0.001 bal 
Alloy 800 0.03 0.27 0.86 0.009 0.009 19.5 0.10 - 30.8 0.14 0.2 0.017 - - 0.39 - bal 
Inconel 
182 
0.05 0.56 7.84 0.01 0.004 13.8 - - 66.2 - - 1.84 - - 0.40 - bal 
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[2]. Precipitation of Fe2W Laves phase was obse
joint [4].  
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3.2 Creep Rupture Strength 
3.2.1 Similar Weld Joint 
 Variations of creep rupture life with stress of the grade 22, grade 9 and grade 91 steels and their joints are 
shown in Fig.9. Weld joints of the steel has lower creep rupture strength than their respective base metals. 
Difference in creep rupture strength of the base metal and weld joint is larger for grade 22 steel and lower for grade 
9 steel. Comparison of creep rupture life of grade 91 and grade 92 steels and their similar weld joints is shown in 
Fig.10. The grade 92 possesses superior creep rupture strength than the grade 91. Creep strength reduction in weld 
joint is much lower in grade 92 steel than that in grade 91 steel. Creep rupture strength of the grade 22 and grade 91 
steels and their weld joints at different temperatures are displayed as Larson-Miller parameter P = T(C + logtr) in 
Fig.11 and Fig.12 respectively. Difference in creep rupture strength between the base metal and weld joint increases 
with increase in creep rupture life and testing temperature and the difference is found to depend on the grade of the 
Cr-Mo steel. Typical creep failure location of the joints of the steels is shown in Fig.13. The macrograph depicts that 
the joint of the steels failed in the HAZ close to base metal, commonly known as type IV failure [2]. Triaxial stress 
of stress generated across the joint (Fig.14) during creep exposure due to strength inhomogeneity leads to the 
pronounced cracking [6]. Type IV failure in the intercritical / fine grain region of HAZ occurred by extensive 
localization of creep deformation (Fig.15) accompanied with creep cavitation (Fig.16) [2]. Type IV cracking in 
grade 92 steel weld joints occurs in fine gain HAZ and is accompanied by intense laves phase formation [4]. Joint 
thickness (Fig.17) [7] and welding technique (Fig.18) has pronounced effect of type IV cracking behaviour of the 
ferritic steels.  
 
 
Fig.5. Microstructure of the ferritic / austenitic 
dissimilar joint interface.  
Fig.6. Hardness profile across the 
ferritic/austenitic dissimilar joints.  
Fig.7. Presence of untermpered martensite along weld 
interface of ferritic / austenitic dissimilar weld joint. 
Fig.8.Series of carbides along weld interface in 
ferritic steel side of ferritic / austenitic weld joint.  
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       Fig.9.Creep rupture life of grade 22, grade 9 and  
       grade 91 base metals and similar joints.  
       Fig.10.Creep rupture life of grade 91 and grade  
92 base metals and similar weld joints.  
Fig.14. Distribution of stress triaxiality across grade 22 
steel weld joint after creep exposure at 150 MPa and at 
823 K for 500 h. 
Fig.13. Failure in the outer edge of HAZ in grade 
91 steel weld joint, revealing type IV cracking.  
 
Fig.15. Progress in creep deformation at 823 K and 
150 MPa across the weld joint of the grade 22 and 
grade 9 steels.  
 
Fig.16. Localized creep cavitation in outer edge of 
HAZ in grade 91 steel weld joint, creep tested at 923 
K, 40 MPa, tr = 15,721. h). 
Fig.11. Representation creep rupture life of base 
metal and weld joint of grade 22 steel.  
Fig.12. Representation creep rupture life of base 
metal and weld joint of grade 91steel.  
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3.2.2 Ferritic / Ferritic Dissimilar Weld Joint 
 The variations of creep rupture life with applied stress at 823 K of the grade 22, grade 9 and their dissimilar 
weld joint are shown in Fig.19. The grade 22 steel with 0.12 wt. % carbon used in this study has 100 % bainitic 
structure against the ferritic-bainitic structure with 0.06 wt. % carbon used in similar joint studies. The dissimilar 
weld joint has inferior creep rupture strength than the base steels and failure occurs in decarburized zone on coarse 
grain HAZ of grade 22 associated with intense creep cavitation (Fig.20)[5], giving raise to type III failure.  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
3.2.2 Ferritic / Austenitic Dissimilar Weld Joint 
 Variations of creep rupture life with applied stress at 823 K for the ferritic steel base metals and their 
dissimilar weld joints are shown in Fig.21. The dissimilar weld joints of the ferritic steels have lower creep rupture 
strength than their respective ferritic steel base metals. The dissimilar weld joint of grade 91 steel has higher creep 
rupture than both the grade 22 and grade 9 steels. The stress rupture life variation of the dissimilar weld joints shows 
a two-slope behaviour. The fracture mode and the location of creep failure in the dissimilar weld joint are found to 
vary with the applied stress. At relatively higher applied stresses, the failure in the dissimilar weld joints of the all 
the ferritic steels occurs in the ferritic steel base metal away from the weld zone. At relatively lower stresses, the 
failure location shifts to the intercritical region of HAZ in the ferritic steel. The failure resembles to type IV failure 
commonly observed in the similar weld joint of ferritic steels [2]. At still lower applied stresses, the failure in the 
dissimilar weld joint occurs at the weld interface between the ferritic steel and Inconel weld metal (Fig.22) [3]. The 
interface cracking coincides with the change in slope in the variation of rupture life with applied stress (Fig.21). 
 
Fig.17. Effect of specimen thickness on creep 
rupture life of grade 91 steel joint 
 
Fig.18. Effect of welding techniques on creep 
rupture life of grade 91 steel joint 
Fig.19. Comparison of creep rupture of grade 22, 
grade 9 and dissimilar weld joint of grade 22 / grade 9 
joint.  
Fig.20. Extensive creep cavitation in decarburized 
zone in grade 22 near to the weld interface  
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Creep cavity is found to nucleate at the weld interface (Fig.23) and is associated with coarse particles at the weld 
interface (Fig.24). High Von-Misses (Fig.25) and maximum principal stresses (Fig.26) across the hard zone of weld 
interface (Figs. 6 and 8) lead to creep cavitation at the interface particle (Fig.24), resulting in premature creep failure 
of the dissimilar weld joints.  
 Weld cracking susceptibility of the dissimilar weld joints of ferritic steels is found to depend on the ferritic 
steel. Cracking susceptibility of the joint is defined as the percentage reduction in creep rupture strength of weld 
joint compared to its ferritic base metal for a specific creep rupture life. Figure 27 shows the weld strength reduction 
factor of dissimilar weld joints and is compared with those of similar weld joints of the ferritic steels. The dissimilar 
weld joints are more susceptible to creep cracking than the similar weld joints. Creep life reduction in dissimilar 
weld joint due to the ferritic / austenitic weld interface cracking is more than that due to type IV cracking in the 
intercritical region of HAZ of similar weld joint. The grade 22 steel dissimilar weld joint is found to be more 
susceptible to weld cracking than the grade 9 and grade 91 steels dissimilar weld joints.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
Fig.21. Comparison of creep rupture life of  
ferritic / austenitic dissimilar weld joints.   
     Fig.22.Creep cavitation associated with  
     interface particles in ferritic/austenitic joint.  
Fig.23. Ferritic / austenitic interface  
Cracking in the dissimilar weld joint.           Fig.24. Ferritic / austenitic Interface  
        Cracking associated with interface particles.  
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Fig.25. Distribution of Von-Mises stress across
MPa and 923 K.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4. Conclusions 
 Weld joints of ferritic steels is a se
condition. Localized creep deformation coupled
to premature failure of similar weld joints. Tr
results in creep cavitation in the soft zone lea
possesses lower creep rupture strength due to
chromium steel. In ferritic/austenitic dissimilar
associated with series of particles in ferritic 
premature failure than similar weld joints. The 
of the grade 9 and 91 steels.     
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